We report on the effects of shrinking the physical size of a high index contrast grating (HCG) on a vertical cavity surface-emitting laser (VCSEL). HCGs previously had been simulated assuming infinite periodicity. Here we probe through simulation and experiment the effect of reducing the HCG to only a few periods. We experimentally realize lasing VCSELs with as few as 4 periods of HCG. By shrinking the HCG to an extremely small size and integrating it on a wavelength tunable VCSEL, we are able to achieve a tunable VCSEL with a record fast mechanical tuning response of >27 MHz. This is a 5X improvement over the fastest previously reported wavelength tunable VCSELs.
Introduction
Wavelength tunable vertical-cavity surface-emitting lasers (VCSELs) have a wide variety of potential applications in areas such as telecommunications [1] , spectroscopy [2] , and biological/chemical sensing [3] . For these applications it is desirable to decease wavelengthtuning time as much as possible to increase throughput. Given a required tuning range and maximum system voltage, MEMS-tunable VCSELs are limited in their tuning speed by the thickness of their movable mirror layer. In conventional MEMS tunable VCSEL designs, the mirror is made up of a distributed Bragg reflector (DBR), from 3 µm up to 10 µm thick. This limits conventional designs to mirrors with maximum tuning responses of ~1 MHz [4, 5] .
In the last few years high contrast gratings (HCGs) [6, 7] have been demonstrated as a suitable mirror in a VCSEL structure [8, 9] , replacing the conventional top DBR mirror. A HCG, a single layer grating structure of high index material surrounded by a low index material, can be less than 5% the thickness of the DBR it replaces. By integrating a transverse magnetic (TM)-HCG (245 nm thick, for a reflectivity band at 850 nm) into the movable mirror element in place of a DBR, a significant improvement in tuning response, to 3.3 MHz, has been realized due to the 10X reduction in mirror thickness [10] . Recently, an even thinner (145 nm) transverse electric (TE)-HCG was integrated, resulting in a tuning response as high as 4.5 MHz [11] .
Previous analysis [6, 7] of HCGs has been performed assuming the infinite periodicity along the direction of periodicity and infinitely long grating bars, but in practice they are finite. The reflectivity of a HCG does not have an obvious limitation based on the lateral area. Here we probe the limits of the lateral area required to provide enough reflectivity for a VCSEL to lase through simulation and experiment. By decreasing the area of the HCG to the smallest possible lateral area, we can further increase the resonance frequency of the mechanical structure because of the reduction in the mass of the mirror. This allows us to fabricate structures with resonance frequencies much higher than those in previous work.
VCSEL design and characteristics
The devices used in the simulations and experiment are of similar design to previous nanoelectromechanical optoelectronic (NEMO) tunable VCSEL designs [10, 11] . A schematic of the completed tunable VCSEL structure is shown in Fig. 1 . The structure is comprised of (from the substrate side) 34 pairs of n-DBR, an active region with 3 quantum wells designed to emit at 850 nm, an oxide aperture for current confinement, and a top mirror consisting of 2 or 4 pairs of p-DBR, an air gap, and finally a 145 nm thick n-TE-HCG layer. The TE-HCG used in this study has a period of 640 nm, semiconductor duty cycle of ~38%, HCG thickness of 145 nm, and an air gap of ~900 nm under no tuning bias. The HCG is made up of Al 0.6 Ga 0. 4 As surrounded by air as the low index material. Current is injected through top laser contact to the p-DBR, which is present in the design only to provide current injection and protect the active region, to a backside contact on the bottom of the substrate. The HCG is fixed to supports by beams made up of the HCG material and can be electrostatically actuated by applying a reverse-bias voltage between the top tuning contact and top laser contact. This actuation changes the size of the air gap and cavity length, shifting the output wavelength of the device.
After epitaxial growth, the devices are fabricated by first depositing the tuning contact followed by a wet etch through to the bottom DBRs to form mesas. Next, selective thermal oxidation is used to form an oxide aperture for current confinement. Afterwards, a selective etch is performed to expose the p-DBR, and metal is evaporated on the exposed p-DBR to form the top laser contact. Finally e-beam lithography is used to pattern the HCG. The HCG pattern is transferred via dry etch and then released from the rest of the structure using a selective etch. This is followed by critical point drying to prevent pull-in of the HCG during the drying process.
The VCSEL devices with integrated TE-HCG show excellent optical characteristics. Devices have thresholds well below 1 mA and slope efficiencies greater than 0.5 W/A, which are similar to conventional designs based on a top DBR as a mirror. The devices presented here lase with only a single transverse mode. As the HCG mirror is designed to be highly reflective only for one orthogonal polarization, HCG VCSELs also lase in only one orthogonal polarization mode [11] . In the case of the TE-HCG, the electric field of the lasing mode is oriented parallel to the grating bars.
A light-current-voltage characteristic of a TE-HCG VCSEL is shown in Fig. 2(a) . The differential resistance of these VCSELs is relatively high because doping in the p-layers of the top p-DBRs has not been optimized. 
Results

Simulation results
HCG simulation and design are typically are performed using the Rigorous Coupled Wave Analysis (RCWA) method [12] . This method assumes infinite periodicity, so the effect of reducing the grating to just a few periods is not obvious. Analytic treatment of the HCG structure [13] shows that there are no propagating waves in the plane of the HCG, so intuitively the size of the HCG should not significantly effect the overall reflectivity of the grating, as there is no dependence of a given grating period on the number of periods to its sides.
To simulate the case of TE-HCGs with a finite number of periods, the reflectivity of a HCG was calculated using a finite-difference time-domain (FDTD) simulation (using the commercial software Lumerical FDTD Solutions). The simulation was performed varying two parameters: the grating size (number of periods) and the size of the oxide aperture. The reflectivity was calculated by launching a Gaussian beam with waist the size of the aperture through the entire top mirror structure, including 4 pairs of DBR, from the aperture and measuring the reflected power. The HCG dimensions used in the simulation were the TE-HCG dimensions described previously, and the wavelength of the Gaussian beam was 850 nm. From this reflectivity, mirror loss could be calculated for each case. The results are shown in Fig. 3 . As the HCG is shrunk, the mirror loss is not significantly affected until the HCG becomes approximately the same size as the aperture itself. As the size is further decreased to less than the size of the aperture, the mirror loss increases significantly, since the high reflectivity HCG region no longer covers the whole beam area. This result indicates that in fact there is little effect on the reflectivity of the HCG on the number of periods of the HCG. Fig. 3 . Mirror loss of the TE-HCG structure as a function of mirror loss and grating size. The mirror loss of the device is constant until the HCG is slightly larger than the aperture size, indicating the reflectivity of the HCG is not significantly impacted by the number of periods in the structure.
Experimental results
To experimentally probe the effect of size of the TE-HCG on VCSEL performance, a series of TE-HCG tunable VCSELs were fabricated with square HCGs of sizes from 12 µm (18 periods) down to 2.3 µm (3 periods). The VCSELs in this study were fabricated on the same wafer at the same time to ensure uniformity. VCSELs were found to lase with just 4 period HCGs (2.9 µm × 3 µm × 145 nm). Scanning electron microscopy (SEM) images of the smallest working HCGs are shown in Fig. 4 . Light-current characteristics of the VCSELs with various sizes of TE-HCG are shown in Fig. 5 . The devices have approximately the same size oxide aperture, estimated to be ~3 µm, and are otherwise identical except for the HCG size. It should be mentioned that the oxidation process was performed a 100 µm size mesa and hence there is an inherent inaccuracy of ~1 µm between the HCG and oxide aperture. The VCSELs show similar characteristics until the HCG has less than 7 periods (4.8 µm). When the HCG has fewer periods than 7, its threshold increases as period is further reduced. No devices with 3 periods lased experimentally. This trend matches well with the simulation, which shows that mirror loss and correspondingly laser threshold is constant until the HCG is only slightly larger than the aperture. These devices have an oxide aperture size of 3±1 µm, so we observe a similar trend experimentally. This shows that in fact, the number of HCG periods does not have a significant effect on the overall reflectivity. Only the physical overlap of the mirror itself with the aperture is significant. The mechanical frequency response of the HCG was measured by biasing the VCSEL at a constant current through the laser contact and applying between the tuning contact and laser contact a DC voltage with a sinusoidal AC modulating voltage, actuating the mirror. The modulating voltage causes the spectrum of the device to broaden in an optical spectrum analyzer (OSA) as the laser is changing wavelength many times over the OSA's slow sampling time (~1 s/nm with ~500 sampling points per nm).
The spectrum of a device with a 3.6 µm HCG with various AC modulation frequencies on the mechanical tuning contact is shown in Fig. 6(a) . The device is driven at a 1.4 mA laser bias current with a 22 V DC bias and a 10 V peak-to-peak AC signal between the laser contact and tuning contact to provide mechanical actuation. This device required higher tuning voltages than the device in Fig. 2 , because its mechanical actuators were designed to be several times stiffer, requiring higher actuation voltages. The tuning range of the device in Fig. 6 is limited to < 1 nm because a maximum voltage of ~40 V can be applied between the tuning contact and laser contact before the blocking junction between the two contacts breaks down. The full tuning range could be achieved at this tuning speed by modifying the structure so that more electrostatic force can be applied; for example, by using aluminum oxide between the tuning and laser contact, or optimizing the air gap to get the best tradeoff between electrostatic force and breakdown voltage. Figure 6 (b) shows the relative optical tuning response from the mechanical tuning at various input frequencies. The response has two peaks due to two relatively closely spaced mechanical resonances. Our measurement setup is limited to 30 MHz. This ultra small HCG shows optical response to AC tuning signals up to a −3 dB point of ~27 MHz, 5X higher than previously reported HCG tunable VCSELs [11] . 
Conclusion
The effects of the size of a HCG are studied when incorporated on a tunable VCSEL through simulation and experiment. HCGs with as few as 4 periods (2.9 µm × 3 µm × 145 nm) are shown to provide sufficient reflectivity for a VCSEL to lase. VCSEL characteristics are shown to be nearly constant regardless of the size of the HCG, until the HCG is approximately the same size as the VCSEL aperture. With these compact HCGs, mechanical tuning response is seen up to a −3 dB point of ~27 MHz, 5X faster than previous reports. This increase of tuning speed may enable further applications of tunable VCSELs and other wavelength-tunable optoelectronic devices such as optical filters, sensors, and detectors.
